Background and Purpose: Blood oxygenation level-dependent (BOLD) signal and arterial spin labeling cerebral blood flow (ASL-CBF) changes, as detected by functional magnetic resonance imaging (fMRI) are closely related to neural activity. The aim of this case series study was to investigate modulations of the BOLD and ASL-CBF response in the primary visual cortex after posterior circulation stroke with transient visual impairment. Methods: BOLD activity, resting CBF and task-related ASL-CBF response have been investigated 24-48 h after onset of transient visual symptoms in two patients who were treated conservatively, two patients who received thrombolysis after posterior circulation stroke, and five healthy controls with checkerboard stimulation and visual evoked potentials (VEPs). Results: After normalization of transient visual symptoms the BOLD response and VEPs showed no hemispheric differences between patients and controls. The relative blood flow in the posterior cerebral arteries and the relative ASL-CBF response to checkerboard stimulation were reduced in three patients, compared to controls. In one patient who received intraarterial thrombolytic therapy, improvement of the relative CBF and ASL-CBF responses was observed, indicating early reperfusion.
Introduction
After minor ischemic stroke, patients often recover with only mild or no persisting neurologic impairment, according to minor structural alterations in magnetic resonance imaging (MRI). By contrast, after reperfusion of ischemic lesions in the brain, subtle impairment of cerebral blood flow (CBF) may occur due to altered functional properties in the microvasculature, despite normalization of gross perfusion in the resting state [1] . Physiologically, functional brain mapping by fMRI or positron emission tomography (PET) is based on the tight coupling between regional blood flow and metabolic demand in vital tissue. When neurons increase their activity with respect to a baseline, modulation of the desoxyhemoglobin concentration is induced, generating the blood oxygenation level-dependent (BOLD) contrast. The relationship of the neuronal activity, as derived from BOLD imaging and regional cerebral blood flow after stroke, has been shown to be impaired in stroke patients, even if the ischemic regions are not involved into the cortical activation itself [2] . Recent studies have shown changes in neuronal activity correlating with impaired cerebrovascular response in stroke patients with fMRI, PET, and Doppler ultrasound [3, 4] . The arterial spin labeling (ASL) technique offers an additional, noninvasive method for measuring cortical response to external stimuli [5, 6] . As blood flow is a direct measure of the poststroke vascular arterial system, it should be expected, that subtle changes in the capillary bed affect mainly the arterial, but not the venous level of the microvasculature. Furthermore, due to the short decay time of the tracer (approximately 1 s) a significant tracer accumulation in venous structures is prevented. Therefore, the signal changes in perfusion fMRI are not observed over veins and the localization of signal changes is constricted over activated cortex [7] . We would expect that ASL-CBF is more sensitive in detecting functional changes related to stroke than BOLD-fMRI. In order to probe this hypothesis we have (i) chosen the most robust stimulus paradigm, i.e., visual checkerboard stimulation, (ii) selected patients with transient or subtle persistent visual disturbances, according to posterior circulation stroke.
Patients and Methods

Patients
Four male patients (mean age ± standard deviation [SD]: 64.2 ± 2.2 years) were selected and recruited from the Clinic of Neurology, University of Bern, Switzerland. All patients suffered from acute ischemic stroke in the posterior circulation, due to cardiac embolism, with transient visual impairment and early clinical recovery. All four patients were diagnosed with MRI. Diffusion-weighted and T2-weighted images demonstrated ischemic lesions in the posterior circulation, not affecting the primary visual cortex. Variant origin of the posterior cerebral artery has been excluded with time-of-flight angiography. Two further patients had to be excluded from the study due to excessive blood pressure of > 150/90 mmHg at the time of fMRI examination and inappropriate task performance. Doppler ultrasound was performed to rule out extracranial stenosis or occlusion. Two patients were treated conservatively with salicylates, two patients underwent thrombolysis (one patient received intravenous and one patient intraarterial thrombolysis) with complete recanalization. Two patients had clinically normal vision, two patients minor visual deficits detected by perimetry. All patients had normal visual evoked potentials Table 1 . Additionally, five healthy controls (mean age ± SD: 27.0 ± 5.1 years) were included in the study. Previous PET studies have shown no regression of CBF in Brodman's area 17 with age, therefore it is appropriate to compare CBF in the primary visual cortex despite the different age groups in our cohorts [8] .
Experimental Paradigm
The stimulus consisted in 1-Hz full-field black and white alternating checkerboard visual stimulation. A red fixation cross was constantly visible. Stimuli were presented to the subjects by a goggle system (VisuaStim XGA, Resonance Technology, Inc., Northridge, CA, USA). The parameters of this system were: field of view = 30°, refresh rate = 60 Hz, resolution = 1,024 × 768. Subjects were asked to gaze the fixation cross. Two different experiments were conducted: experiment # 1 for the ASL perfusion contrast measurements with cycle of 30 s ON and 30 s OFF, repeated twelve times resulting in a total presentation time of 720 s; experiment # 2 for the fMRI-BOLD contrast measurements with cycle of 24 s ON and 24 s OFF, repeated twelve times resulting in a total presentation time of 468 s. Therefore, the two stimulus categories are labeled by "baseline" for the OFF cycles and "visual stimulation" for the ON cycles, respectively.
MRI Acquisition
All images were acquired using a 1.5-T whole-body MRI system (Siemens Magnetom Vision, Erlangen, Germany), equipped with a standard radio frequency head coil. The MRI session included the acquisition of a set of 3-D T1-weighted (magnetization prepared rapid acquisition gradient echo, MP-RAGE) images, providing 192 sagittal slices with 1.0 mm thickness, 256 mm × 256 mm field of view (FOV) and a matrix size of 256 × 256. Further scan parameters were: 11.4 ms repetition time (TR), 4.4 ms echo time (TE), and a flip angle of 15° (FA).
fMRI Acquisition Functional images were acquired using a multislice single-shot T2*-weighted echo planar imaging sequence, with 20 interleaved axial oblique slices, positioned inline with the bicommissural axis. 144 dynamic scans were collected in each subject (TR = 2,500 ms, TE = 60 ms, FA = 90°, slice thickness = 4 mm, gap thickness = 0 mm, matrix size = 64 × 64, FOV = 230 mm × 230 mm). The sequence has been driven in 3D PACE mode (Siemens Erlangen) to enable prospective motion correction.
ASL Acquisition
The labeling method used in this work is applied as pulsed arterial spin labeling (PASL) and has been described elsewhere [9] [10] [11] [12] and is referred to as QUIPPS Table 1 . Clinical data of four patients with transient visual deterioration after posterior circulation stroke. AICA: anterior inferior cerebellar artery; ASS: acetylsalicylic acid; CT: computed tomography; PCA: posterior cerebral artery; PFO: persistent foramen ovale; VEP: visual evoked potentials. II with thin-slice TI1 periodic saturation. Arterial spins are labeled by a thick (10 cm) inversion slab, placed proximal to the imaged slices (PICORE labeling scheme) [9] . During the inversion time TI2, the labeled blood perfuses the tissue in the imaging slices, causing a slight decrease of the MR signal of the tissue. Subtraction of the labeled image from a referring control image assesses this change in signal. The repeated saturation pulses between TI1 and TI1 stop define the time width of the bolus. In the control measurement, the pulse is executed off-resonance. The full details of the PASL parameters are described elsewhere [13] and are summarized as follows: the gap between the labeling slab and the proximal slice is 10 mm, TI1 = 700 ms, TI1 stop time = 1,300 ms, TI2 = 1,400 ms, crusher bipolar gradients are switched between slice excitation and readout to reduce signal from large vessels. Further parameters are: TR = 2,500 ms, number of measurements n = 288, measurement time Tacq = 12 min 07 s, TE = 15 ms, six slices at a distance of 1.5 mm, slice thickness = 6.0 mm, matrix size = 64 × 64, FOV = 224 mm × 224 mm, partial Fourier 6/8, BW = 3,004 Hz/Px, echo spacing = 0.4 ms. The sequence has been driven in 3D PACE mode (Siemens Erlangen) to enable prospective motion correction.
fMRI Analysis
Analysis of the fMRI data was performed using Brain Voyager QX 1.2 (Brain Innovation, Maastricht, The Netherlands, www.BrainVoyager.com). Preprocessing of the images included the removal of low-frequency drifts, 3-D motion detection and correction and spatial smoothing with 4-mm full width half maximum. Coregistration of the 2-D functional to the 3-D structural images was performed using the scanner's slice position parameters of the T2*-weighted measurements and the T1-weighted anatomic measurements. The spatial resolution of functional data set was interpolated to isovoxel 1 mm 3 . Finally, the anatomic and functional data sets were transformed into the Talairach space [14] . Activated voxels in the primary visual cortex were identified using Student's t test between time series and boxcar model function (threshold: t > 4.0, p < 0.0001). These voxels are referred to as region of interest (ROI). The reconstruction of the hemodynamic response function was performed using a general linear model (GLM) to estimate the finite impulse response (FIR) associated with the stimulus period. The convolution of the discrete time points with the event sequence was built. For the extraction of the BOLD signal (labeled as condition BOLD hereafter) we used twelve FIR time bins (with TR = 2.5 s, this corresponds to the time interval 0-30 s after stimulus onset). The BOLD signal change was normalized and expressed as percent change from baseline.
ASL Analysis
Analysis of the ASL data was performed using self-written MATLAB programs (MATLAB version 6, release 13; The MathWorks, Inc., Natick, MA, USA) and with BrainVoyager QX 1.6. As the measured voxel dimension lies in the same range as the spatial smoothing kernel, we decided to apply no temporal and spatial manipulation ("filtering" or "smoothing") of the raw data [13] . Data of each subject was used to calculate a flow time series (control -labeling; labeled as condition CBF hereafter). The difference signal (control -labeling) is proportional to CBF [9] . The quantification of CBF of the flow time series was performed using the following relation:
where ∆M is the difference signal (control -labeling); M 0 is the equilibrium brain tissue magnetization; the time constants TI1, TI2 are described above and TIb = 1,200 ms is the decay time for labeled blood at 1.5 T.
Activated voxels in the primary visual cortex were identified using Student's t-test between CBF time series and boxcar model function (threshold: t > 4.0, p < 0.0001). The reconstruction of the CBF response function was performed using the same procedure as used for the reconstruction of the hemodynamic response function, i.e., GLM to estimate the FIR associated with the stimulus periods. Figure 1a for BOLD and Figure 1b for ASL-CBF in a healthy control and in Figure 1c for BOLD and Figure 1d for ASL-CBF in the patient, who received intravenous thrombolysis.
Results
Activation of primary visual cortex by checkerboard stimulation is exemplarily shown in
BOLD-fMRI Activation with Checkerboard Stimulation in Stroke Patients and Healthy Controls
The activation patterns were compared to five healthy controls. The centers of gravity of the BOLD activation were located in the area V1 of the visual cortex, inferior to the calcarine sulcus for both healthy controls and patients. The absolute values and the percentage of BOLD signal increase were calculated for the clinically affected and contralateral hemisphere at V1, and the left versus right side in healthy controls, respectively. During visual stimulation, the BOLD signal increase accounted for 1.01% in patients and 1.03% in controls, showing no significant differences. No differences were found between the patients who were treated conservatively and those who received thrombolytic therapy. In images with identical thresholds, there was no significant difference in the volume of activation in V1 for patients versus healthy controls (F (1,7) = 0.18; p = NS [not significant]).
ASL Activation with Checkerboard Stimulation in Stroke Patients and Healthy Controls
The regional cerebral perfusion (rCBF) at baseline and during the visual stimulation was calculated in the same regions as used for BOLD analysis. rCBF values in the posterior circulation territory at baseline were reduced in both patients who have been treated conservatively (stroke/healthy: 42 ml/100 g/min vs. 41 ml/100 mg/min; 48 ml/100 g/min vs. 41 ml/100 g/min) and in the patient who underwent intravenous thrombolytic therapy (stroke/healthy: 51 ml/100 g/min vs. 45 ml/100 g/min). The relative cerebral blood flow was increased in one patient, who underwent intraarterial thrombolysis (stroke/healthy: 74 ml/100 g/min vs. 85 ml/100 g/min), indicating early hyperperfusion. Resting CBF values of controls were: 53.5 × 4.1 ml/100 g/ min and 54.5 × 4.4 ml/100 g/min; perfusion CBF values of controls during the visual stimulation were: 68.5 × 7.2 ml/100 g/min and 70.1 × 7.7 ml/100 g/min.
The percentage CBF signal change was impaired in both patients, who were treated conservatively (stroke/healthy: patient 1: 9.5% vs. 12.2%, patient 2: 4.2% vs. 9.7%), and increased in both patients, who underwent thrombolysis (stroke/healthy: patient 3: 13.7% vs. 6.7%, patient 4: 27.0% vs. 11.7%). The percentage rCBF increase was lower in conservatively treated patients, compared to healthy controls (average increase in controls 28.8%). After intraarterial thrombolysis, the percentage ASL-CBF response in the stroke side returned to values similar to controls and lower in the contralateral side. In images with identical thresholds, there was no significant difference in the rCBF volume of activation in the primary visual cortex for patients relative to healthy controls and compared to the activated areas during BOLD contrast imaging (F (1,7) = 0.24; p = NS).
These results are summarized in Figures 2a and 2b for the percentage BOLD and ASL-CBF response and Figure 3 for the absolute CBF values during resting and activation. 
Discussion
We observed no hemispheric differences between patients and controls after minor ischemic stroke. However, the relative blood flow in the posterior cerebral arteries and the relative ASL-CBF response to checkerboard stimulation were reduced in three patients, compared to controls. In particular, in the patient who received intraarterial thrombolytic therapy, improvement of the relative CBF and ASL-CBF responses was observed, suggesting early reperfusion.
Activation flow coupling (AFC), which is the coupling of CBF with neuronal activity, is the basis for many functional neuroimaging techniques. There is good evidence that hemodynamic compromise can alter AFC [15] . Studies of CBF responses to motor activation in humans using fMRI have shown alterations in the flow response to functional activation after minor ischemic stroke, even despite grossly intact task performance [1] . Early postischemic hyperperfusion has been reported in animal stroke models and is the hallmark of efficient recanalization of the occluded artery with subsequent reperfusion of the tissue [16] . In this case series of four patients with ischemic stroke of the posterior vascular territory, we wanted to test whether ASL-CBF and BOLD-fMRI in an acute stroke setting provide relevant information about early flow-related changes. Given the hypothesis that reperfusion leads to early hyperperfusion of postischemic brain tissue, the stimulus response to ischemic areas should be improved after thrombolytic therapy. In our series, we have detected no significant alteration of the BOLD response to visual stimulation in subacute stroke, 24 h after onset of transient visual symptoms, compared to healthy controls. These findings are different from studies in the anterior vascular territories, which have detected an impaired motor-related BOLD response in patients with minor stroke [2] . These differences might be partially explained according to different stimulus characteristics in motor tasks, which are sensitive to frequency, amplitude and strength, and in the standardized visual stimulation.
Bilateral resting perfusion changes in the posterior arteries were found in patients 1-3. These findings might be either explained by microstructural alterations due to microemboli in the posterobasilar circulation, preexisting hyalinosis of the capillary network or direct influence on neurovascular coupling with disruption of aminergic and cholinergic fibres.
In a recent animal study, investigating forepaw BOLD and ASL-CBF responses in stroke rats, the forepaw BOLD responses were less attenuated than the forepaw CBF responses. These observations suggest uncoupling of metabolism and changes in cerebral blood volume and/or CBF, associated with ischemia. The authors concluded that, during ischemic stroke, where baseline signals are physiologically altered, quantitative CBF-fMRI provide more appropriate measures than BOLD-fMRI [16] .
Reduced CBF-ASL responses in the visual cortex, compared to healthy controls, were detected in two patients, who were treated conservatively, and one patient, who received intravenous thrombolysis. Despite transient symptoms without persisting deficits, the patients who received no thrombolytic therapy (patients 1 and 2), were found to have impaired CBF-ASL response to checkerboard stimulation. In one patient, who underwent successful intravenous thrombolysis, the CBF-ASL response showed moderate improvement at the affected site. The absolute CBF values before and during checkerboard stimulation were slightly elevated at the affected hemisphere in patients 1-3, compared to the clinically unaffected hemisphere. The clinical impact of such an early increase in resting perfusion remains unclear and is still a matter of debate, especially in cases where the differences are marginal. Areas with hyperperfusion may occur as early as 5-18 h after stroke onset, even in remote areas that are topographically distinct from the infarcted regions [17] . Early poststroke hyperperfusion is a harmless and even perhaps beneficial phenomenon [18] . Patient 4 of our series demonstrated such an early and marked increase in baseline CBF in the posterior circulation, indicating early posttreatment hyperperfusion. After intraarterial thrombolysis, he recovered completely. PET studies have suggested that hyperperfused areas in acute ischemic stroke exhibit hemodynamic and metabolic abnormalities consistent with postrecanalization hyperperfusion with underlying increased oxidative metabolism, reflecting increased protein synthesis [19] . Such findings have been correlated with better outcome after acute stroke. The VEPs were preserved in the acute stage, demonstrating that the visual system was functional which is in accordance with a favorable clinical prognosis.
Conclusion
In this case series of four patients, we wanted to test early postischemic functional and flow-related effects using ASL-CBF and BOLD-fMRI after different therapies. As BOLD signal changes were not detectable, it might be hypothesized that subtle changes in minor ischemic stroke are obscured at the site of venous outflow, whereas ASL-CBF helps to study effects that are closely related to the arterial site, probably related to microstructural alterations in the capillary system or therapy effects immediately after recanalization. With ASL-CBF, absolute CBF and functional response to visual stimulation indicated early effective reperfusion after intraarterial thrombolysis, compared to conservative therapy and intravenous thrombolysis. As the number of patients in this case series is very small, ASL-CBF measures will be applied to a larger poststroke population in future to gain further insight about tissue integrity and flow-related changes after different treatment regimen.
